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Purpose: Icariin (ICA) is one of the main active constituents of Herba Epimedii for improving 
osteogenesis. It is necessary to create a simple and efficient method to load ICA onto the surface 
of titanium (Ti) implant. The purpose of this study was to establish a local ICA delivery system 
via a layer-by-layer (LbL) self-assembly system on phase-transited lysozyme (PTL)-primed 
Ti surface.
Materials and methods: A PTL nanofilm was first firmly coated on the pristine Ti. Then, 
the ICA-loaded hyaluronic acid/chitosan (HA/CS) multilayer was applied via the LbL system 
to form the HA/CS-ICA surface. This established HA/CS-ICA surface was characterized by 
scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and contact 
angle measurement. The ICA release pattern of the HA/CS-ICA surface was also examined. 
MC3T3-E1 osteoblast culture test and a rat model were used to evaluate the effects of the 
HA/CS-ICA surface in vitro and in vivo.
Results: SEM, XPS and contact angle measurement demonstrated successful fabrication of 
the HA/CS-ICA surface. The HA/CS-ICA surfaces with different ICA concentrations revealed 
a controlled release profile of ICA during a 2-week monitoring span. Osteoblasts grown on 
the coated substrates displayed higher adhesion, viability, proliferation and ALP activity than 
those on the polished Ti surface. Furthermore, in vivo histological evaluation revealed much 
obvious bone formation in the ICA-coated group by histological staining and double fluorescent 
labeling at 2 weeks after implantation.
Conclusion: The present study demonstrated that ICA-immobilized HA/CS multilayer on the 
PTL-primed Ti surface had a sustained release pattern of ICA which could promote the osteo-
genesis of osteoblasts in vitro and improve early osseointegration in vivo. This study provides 
a novel method for creating a sustained ICA delivery system to improve osteoblast response 
and osseointegration.
Keywords: icariin, controlled release, phase-transited lysozyme, layer-by-layer self-assembly, 
surface modification of titanium, osteogenesis
Introduction
Titanium (Ti) and its alloys are considered the most widely used biomaterials for dental 
implants.1 However, the long time period required for osseointegration between Ti 
implant and surrounding tissue has limited the clinical applications of these materials.2 
Additionally, higher failure rates are observed in patients suffering from systematic 
problems including osteoporosis and diabetes mellitus (DM).3,4 Bioactive surfaces are 
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important for the regulation of a range of cell behaviors, such 
as cell adhesion, proliferation and differentiation.5 Therefore, 
it is essential to construct suitable bioactive surfaces and 
develop functional implants.6 Different methods have been 
employed for surface modification, such as physical methods 
(freeze-drying, three-dimensional printing, sandblasting),7–9 
chemical methods (anodic oxidation, acid etching, alkali 
treatment)10–12 and biological methods (functional proteins, 
growth factors, peptides).13–15 Nevertheless, these methods 
have many disadvantages such as pollution creation, expen-
sive equipment, complexity of operation, high cost and short 
duration of bioactivity after exposure to the surrounding 
environment, limiting the clinical applications of these 
bioactive agents.16,17 To overcome such disadvantages, it 
is extraordinarily necessary to develop a new method for 
modifying dental implant surfaces.5
In this study, we employed phase-transited lysozyme 
(PTL), a pretreated base layer on the Ti surface to provide an 
activated surface to achieve high binding force.18 The one-step 
modification using PTL provides a new approach superior to 
the traditional method of using dopamine, which is character-
ized by simple and rapid preparation, green technology, less 
expensive and less discoloration.19,20 The transition process of 
lysozyme is based on the β-sheet of lysozyme microfibers.21 
An amyloid-like microfiber net, which tightly adheres to Ti 
surfaces, can form according to this transition. The surface 
of the PTL nanofilm is rich in a series of functional groups 
(carboxyl, amide, thiol, etc.), which provide great opportuni-
ties for subsequent modifications.
Active compounds have been widely used to improve 
bone regeneration ability.13–15 In the present study, icariin 
(ICA, the main active ingredient of Herba Epimedii) was 
chosen, because it is one of the widely used traditional 
Chinese medicines for treating osteoporosis and promoting 
bone healing.22 It has been suggested that ICA could enhance 
pre-osteoblast proliferation, differentiation, mineralization 
and the expression of bone-related genes and proteins.23–25 
Moreover, ICA possibly exerts its osteogenic effects through 
the induction of BMP-2 gene expression.26 Thus, it is deemed 
that ICA has the potency to promote osteoblastic activities.
Several studies have investigated the modification of 
biomaterials with ICA. ICA could be mixed with chitosan 
(CS)/hydroxyapatite to develop a new bone repair scaffold, 
which showed great osteogenic activity and promoted new 
bone formation.7 β-tricalcium phosphate (β-TCP) ceramic 
has been used extensively as substitution material for bone 
defect repair.27,28 ICA could also be loaded onto porous 
β-TCP using soaking method, and new bone formation in 
ICA-β-TCP scaffolds could be observed.29 Although various 
methods have been used to incorporate ICA into biomaterials, 
it is mainly used as a bone tissue-engineering scaffold; few 
studies have reported its application in Ti implants. Although 
TiO
2
 nanotubes (TNTs) fabricated on Ti implant surfaces 
have been successfully exploited as a drug controlled release 
system for loading functional molecules such as BMP-2 and 
ICA,10,30 the fabrication process is relatively complicated and 
may create pollution. Moreover, for optimum local bone 
healing, ICA should be applied at a definite concentration. 
Thus, it is necessary to create a simple and clean method for 
loading ICA onto the surface of Ti implants and investigate 
the effects of the controlled release of ICA on osteoblast 
proliferation and differentiation.
Layer-by-layer (LbL) self-assembly system has recently 
been explored as a convenient and green drug controlled 
release system.31,32 The system is composed of negatively 
charged and positively charged polyelectrolytes that form a 
multilayer thin film through electrostatic attractions. However, 
it is necessary to pretreat the Ti surface to firmly immobilize 
such multilayers. A PTL nanofilm coated onto the Ti sur-
face could link multilayers formed via the LbL system due 
to electrostatic interaction between positively charged PTL 
and negatively charged polyelectrolytes. Thus, in this study, 
natural, nontoxic and negatively charged hyaluronic acid (HA) 
and positively charged CS, which are both biocompatible and 
biodegradable, were used to fabricate the multilayer via the 
LbL system. Furthermore, CS layers were used to load ICA 
for prolonged drug release, because ICA can adhere to the 
surface of CS, be encapsulated by CS or be stored in micro-
interspaces of the materials.7,33,34 Thus, in the present study, 
the LbL system was used to load bone-active agent ICA onto 
the Ti surface to achieve sustained drug release for weeks.
The current study was designed to establish an ICA-
loaded HA/CS multilayer on the Ti surface via the LbL sys-
tem, with PTL as the novel interlayer for bonding. The aim 
of the present study was to test the hypothesis that the ICA 
delivery system fabricated on PTL-primed Ti surface via 
the LbL system could achieve sustained drug release and 
improve osteogenic activity. To test the hypothesis, the 
surface characterization and in vitro drug release of ICA 
on the PTL-primed ICA-immobilized HA/CS multilayer 
were evaluated by scanning electron microscopy (SEM), 
X-ray photoelectron spectroscopy (XPS), contact angle 
measurement and drug release test. MC3T3-E1 osteoblasts 
were used to examine the cell response in vitro. Cell 
morphology, viability, proliferation and differentiation 
ability were observed by immunofluorescence staining, 
cell cytotoxicity test, cell counting kit-8 (CCK-8) and 
ALP activity assay, respectively. Moreover, an in vivo 
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rat animal experiment was performed, and histological 
analysis was used to examine the osseointegration ability 
of the aforementioned ICA-immobilized HA/CS multilayer 
on PTL-primed Ti rods. The approach presented in this 
study provides a new method for Ti surface modification 
to promote osteoblast function in vitro and improve bone 
formation in vivo.
Materials and methods
Materials
Commercial pure Ti (99.99% pure) was provided by Baoji 
Titanium Industry (Baoji, Shanxi, China). ICA was obtained 
from Shanghai Tauto Biotech (Shanghai, China). Lysozyme 
and Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) 
were purchased from Sigma-Aldrich Co. (St Louis, MO, 
USA). CS, HA and HEPES buffer (pH =7.4, sterilized) were 
obtained from Solarbio (Beijing, China). Minimum essential 
medium eagle-alpha modification (α-MEM) and PBS were 
purchased from HyClone (South Logan, UT, USA). FBS, 
penicillin–streptomycin and trypsin were obtained from 
Thermo Fisher Scientific (Waltham, MA, USA).
specimen preparation
Fabrication of the PTL nanofilm
Ti disks with a diameter of 14 mm and a height of 1 mm 
were sequentially polished with 320, 400, 800 and 1,200 grit 
sandpaper in turn. Then, the disks were successively washed 
with acetone, ethanol and deionized water. Subsequently, the 
disks were dried for 1 hour at room temperature.
To functionalize the surface of the Ti disks with PTL nano-
film, lysozyme (10 mg/mL in 10 mM HEPES buffer, pH 7.4) 
was mixed with an equal volume of TCEP (50 mM in 10 mM 
HEPES buffer, pH 6.2) to obtain a PTL buffer. We used circu-
lar glass disks (Φ24 mm) and Ti disks (Φ14 mm) with different 
diameters. The PTL buffer was dropped onto the clean glass 
disk and incubated at room temperature for 2 hours to form 
a PTL nanofilm coating on the surface of the glass. To avoid 
evaporation, the glass disk with PTL buffer was kept inside 
a covered container with water at the bottom of the container 
during the incubation. Subsequently, the glass disk was placed 
into distilled water, allowing the PTL nanofilm to separate from 
the glass disk. Then, the floating PTL nanofilm (Φ24 mm) 
was attached to the surface of a Ti disk (Φ14 mm). Since the 
diameter of the Ti disk (Φ14 mm) was smaller than that of the 
glass disk (Φ24 mm), the film overcovered the Ti disk, and the 
excess was removed. After that, the Ti disk coated by the PTL 
nanofilm was dried at room temperature (Figure 1).
Preparation of multilayer coatings on the PTl 
nanofilm-primed Ti substrates
CS solution was prepared by dissolving 0.1% (W/V) CS in 
a 1% (V/V) acetic acid solution under stirring. Next, ICA 
was dissolved in the CS solution under stirring. Four groups 
with different ICA concentrations of 0, 0.5×10−3 mol/L 
Figure 1 schematic diagram of in vitro sample preparation: the process of fabricating the ha/cs-Ica multilayer coatings on the PTl-primed Ti disk surfaces.
Abbreviations: cs, chitosan; ha, hyaluronic acid; Ica, icariin; PTl, phase-transited lysozyme; TceP, Tris (2-carboxyethyl) phosphine hydrochloride; Ti, titanium.
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(ICA-low dose, ICA-L), 1×10−3 mol/L (ICA-middle dose, 
ICA-M) and 2×10−3 mol/L (ICA-high dose, ICA-H) were 
prepared. HA solution (1 mg/mL) was prepared with deion-
ized water under stirring.
Briefly, Ti disks covered with PTL nanofilm were dipped 
into different polyelectrolyte solutions at room temperature. 
First, the treated Ti samples were immersed in the HA solu-
tion for 30 minutes and dried at room temperature for 4 hours, 
denoted as Ti-PTL-HA. Then, the samples were immersed 
in the CS solution with different concentrations of ICA, as 
mentioned earlier and dried at room temperature for 4 hours. 
After that, one cycle was completed to form Ti-PTL-HA-CS, 
Ti-PTL-(HA/CS [ICA-L]), Ti-PTL-(HA/CS [ICA-M]) and 
Ti-PTL-(HA/CS [ICA-H]). Then, the cycle was repeated 
three times until the desired multilayer coating was obtained, 
forming Ti-PTL-(HA/CS)
3
, Ti-PTL-(HA/CS [ICA-L])
3
, Ti-
PTL-(HA/CS [ICA-M])
3
 and Ti-PTL-(HA/CS [ICA-H])
3
, 
designated as HA/CS, HA/CS-ICA-L, HA/CS-ICA-M and 
HA/CS-ICA-H, respectively (Figure 1).
surface characterization
The typical surface topography of Ti, Ti-PTL, Ti-PTL-HA, 
Ti-PTL-HA-CS, HA/CS and HA/CS-ICA-L was observed 
using SEM (S4800; Hitachi Ltd., Tokyo, Japan). The chemical 
composition of all the samples was measured by XPS (AXIS 
Nova; Kratos Analytical, Manchester, UK). The wettability 
of the specimen surface was assessed through contact 
angle measurements using the deionized water at room 
temperature. A drop volume of 2 µL was used, and the drop 
image was acquired using a digital camera (JGW-360A; 
Chongda Intelligent Technology, Xiamen, China). The data 
were analyzed using image analysis software (Anglem; 
Chongda Intelligent Technology).
Drug release profiles in vitro
To generate a standard curve, solutions of ICA in PBS, with 
known concentrations (0, 0.5, 1, 2, 4, 10 and 20 µg/mL), were 
characterized by High Performance Liquid Chromatography 
system (HPLC; 1,100 series; Agilent Technologies, Santa 
Clara, CA, USA). The drug concentration in the solution was 
calculated based on the standard curve. Drug release experi-
ments were performed by immersing the samples in PBS (pH 
7.4) at 37°C. At the predetermined time point, the supernatant 
was removed and the solution was analyzed by the HPLC 
system. Next, the samples were immersed in fresh PBS and 
incubated until the next time point. This test period lasted for 
14 days. The percentage of drug release was calculated by 
dividing the accumulated amount of released drug by the total 
amount of drug loaded. The total amount of drug loaded was 
the amount of drug released at the end of experiment.
cell culture
MC3T3-E1 cells (American Type Culture Collection [ATCC], 
Manassas, VA, USA) were cultured in α-MEM supplemented 
with 10% FBS and 1% penicillin–streptomycin in a 5% CO
2
 
incubator (Thermo Fisher Scientific) at 37°C. The samples (Ti, 
HA/CS, HA/CS-ICA-L, HA/CS-ICA-M and HA/CS-ICA-H) 
were sterilized using a 25 kGy dose of gamma radiation 
(cobalt-60; Huanming Gaoke Fuzhao Co., Tianjin, China).
cell adhesion
Cells were seeded onto different samples at a density of 
1×104 cells/well. The samples were rinsed with PBS to 
remove non-adherent cells after being cultured for 24 hours. 
Then, the cells were fixed with paraformaldehyde (Solarbio) 
and permeabilized with 0.25% Triton X-100 (Solarbio). The 
nuclei were stained with DAPI (Thermo Fisher Scientific), 
and the cytoskeleton was stained with rhodamine-phalloidin 
(Thermo Fisher Scientific). Fluorescence imaging was per-
formed using confocal laser scanning microscopy (CLSM; 
FV1000; Olympus Corporation, Tokyo, Japan). The nucleus 
was stained blue, and the cytoskeleton was red in color. The 
cell numbers in three random fields were counted under a 
fluorescence microscope (IX71; Olympus Corporation).
live/dead assay
The viability of MC3T3-E1 cells on the prepared surfaces 
was determined by live/dead assay using acridine orange/
ethidium bromide (AO/EB; Solarbio) double fluorescence 
staining. The AO and EB dyes were combined with the DNA 
of live and dead cells to show the cell viability of MC3T3-E1 
cells, allowing one to distinguish live cells (green) and dead 
cells (red).35 As described earlier, MC3T3-E1 cells were 
seeded onto the surfaces of the different groups. After 3 and 
7 days of culture, the samples were rinsed with PBS and then 
stained with 1 mL PBS containing 10 µL AO solution and 
10 µL EB solution for 5 minutes. The samples were observed 
by CLSM (FV1000; Olympus Corporation).
cell proliferation assay
Cell proliferation was assessed by using CCK-8 accord-
ing to the manufacturer’s instructions (Dojindo Molecular 
Technologies, Kumamoto, Japan). Cells were seeded onto 
different samples at a density of 1×104 cells/well. At 3 and 
7 days after seeding, 1 mL of α-MEM together with 100 µL 
of CCK-8 solution was added to each well and incubated at 
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37°C for 1.5 hours. Then, 110 µL of reserved solution was 
transferred to new 96-well plates, and the absorbance at 
450 nm of each well was measured using a microplate reader 
(Cytation 5; BioTek, Winooski, VT, USA).
alP activity test
ALP activity was evaluated after 3, 7 and 14 days of cultiva-
tion using an ALP activity kit (Jiancheng, Nanjing, China). 
Briefly, MC3T3-E1 cells were seeded onto different surfaces 
at a density of 1×104 cells/well in 1 mL of culture medium. 
The cells were lysed in 1% Triton X-100 through the freeze–
thaw cycles to obtain cell suspension after 3, 7 and 14 days of 
culture. The ALP activity was determined by measuring the 
absorption value at 520 nm at 37°C using a microplate reader 
(Cytation 5; BioTek). The protein concentrations were evalu-
ated using the bicinchoninic acid (BCA) assay kit (Solarbio). 
The absorbance of the solution was measured at 562 nm, and 
the amount of total protein was calculated using a standard 
curve. To determine the ALP activity, the amount of ALP was 
normalized to the amount of total proteins synthesized.
In vivo experiments
Animal experiments were carried out in accordance with 
the Guide for the Care and Use of Laboratory Animals of 
the National Institutes of Health and were approved by the 
Animal Ethical and Welfare Committee (AEWC) of Tianjin 
Medical University. Twenty 12-week-old male Sprague 
Dawley rats (364±34 g) were obtained from the Model Ani-
mal Center of the Radiological Medicine Research Institute, 
Chinese Academy of Medical Science. The animals were 
randomly divided into the Ti group and ICA-loaded group. 
The animals were housed at 25°C with a humidity of 55% 
and allowed free access to tap water and standard rodent food 
on a 12-hour alternating light–dark cycle.
Cylindrical pure Ti rods, 2 mm in diameter and 2 mm in 
length, were used as implants in the animal experiments. The 
rods in the ICA-loaded group were prepared by immersion 
in 1×10−3 mol/L ICA solution, as shown in Figure 2. After 
1 week of acclimation, surgery was conducted under general 
anesthesia induced by the intraperitoneal administration of 
sodium pentobarbital (50 mg/kg body weight). The right hind 
limbs of rats were shaved, and the skin and muscle tissues were 
then incised. The midshafts of the femora were exposed. Then, 
holes were carefully made perpendicular to the surface of the 
femora using a motorized dental drill (Φ=2 mm). All steps 
were performed under isotonic saline solution irrigation to cool 
the operation site. The implant rods of the Ti and ICA-loaded 
groups were separately implanted into the femora of rats. After 
that, the skin and muscle tissues were cleaned and sutured.
To clearly reveal the dynamic process of new bone forma-
tion, we employed fluorescent labeling staining.36 Briefly, the 
animals were intraperitoneally injected with 30 mg/kg body 
weight tetracycline hydrochloride (TCH; Sangon, Shanghai, 
China) 10 and 9 days before sacrifice to show the osteogenesis 
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Figure 2 schematic diagram of in vivo sample preparation: the process of fabricating the ha/cs-Ica multilayer coatings on the PTl-primed Ti implant rods.
Abbreviations: cs, chitosan; ha, hyaluronic acid; Ica, icariin; PTl, phase-transited lysozyme; TceP, Tris (2-carboxyethyl) phosphine hydrochloride; Ti, titanium.
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effect in the first week after the operation. In addition, calcein 
(CA; 10 mg/kg body weight; Sangon) was administered to the 
animals 3 and 2 days before sacrifice to show the osteogenesis 
effect during the second week after the operation.37
Two weeks after implantation, the rats were sacrificed 
through an overdose of sodium pentobarbital. Then, the 
femora containing implants were harvested and fixed in 10% 
formalin solution (Solarbio) for 7 days. Subsequently, the 
samples were divided into two groups at random.
Undecalcified tissue blocks were treated as follows. The 
tissues were processed in Technovit 7200 VLC (Heraeus 
Kulzer GmbH, Wehrheim, Germany) and then embedded in 
a fresh solution of the same resin. After polymerization, the 
samples with implants were glued to microscope slides and 
cut along the long axis of the implant using a precision saw 
(E310CP; Exakt, Norderstedt, Germany) at approximately 
100 µm. Grinding was performed with grinding machine 
(E400CS; Exakt) using abrasive paper (1,000, 2,500 and 
4,000 grit) to achieve a sample thickness of 50 µm. After that, 
the fluorescence staining of the sections was observed using 
CSLM (IX83; Olympus Corporation). Then, new sections 
were further stained with H&E (Solarbio) and toluidine blue 
(TB; Solarbio). The histological sections were observed and 
imaged under an optical microscope with a digital camera 
(NI-E; Nikon Corporation, Tokyo, Japan).
For the decalcified group, specimens were treated with 
EDTA (Sangon) for decalcification. Then, the implantable 
rods of different groups were removed from the femora. After 
that, the samples were dehydrated and embedded in paraffin 
and sections were prepared. The sections were then stained 
with H&E and Masson’s trichrome (Solarbio) for observation 
using an optical microscope with a digital camera (NI-E).
Bone apposition analysis was performed using an image 
analyzer (Image Pro-Plus 6.0; Media Cybernetics, Silver 
Spring, MD, USA) to evaluate new bone formation in defined 
areas based on H&E staining of decalcified tissue sections. 
The results were expressed as the area percentage of bone 
formation (BF%). The BF% was defined as the area of newly 
formed bone divided by the defect area extending 100 µm 
from the implant surface.38,39
statistical analyses
All quantitative data were expressed as mean ± SD, and 
statistical analyses were performed using SPSS software, 
version 17.0 (SPSS Inc., Chicago, IL, USA). Statistical sig-
nificance was determined using a one-way ANOVA followed 
by the Student–Newman–Keuls post hoc test. The signifi-
cance level for statistical tests was set at α=0.05. Values of 
P,0.05 were considered to indicate statistical significance.
Results
surface characterization
SEM images are shown in Figure 3. The SEM images 
illustrated that the PTL nanofilm had a topography consist-
ing of many nanosphere structures (indicated by arrows), 
which gathered together to form a homogeneous nanofilm 
and adhered stably to the Ti surface (Figure 3B). TCEP is 
a disulfide bond-reducing agent, and a high concentration 
of TCEP accelerated the reduction in disulfide bonds for 
local protein unfolding.40 Lysozyme could be mixed with 
TCEP buffer to form a unique change called phase transi-
tion. The disulfide bonds of the native lysozyme chain 
were reduced by TCEP, causing the α-helix of lysozyme 
to unfold into a β-sheet structure, resulting in the forma-
tion of amyloid nanospheres.41 Micro-holes (indicated by 
asterisks) were formed in the middle of the PTL nanofilm 
through the contraction of the nanofilm during the drying 
step. The HA-CS monolayer (Figure 3D) was smoother 
than the initial PTL-primed Ti surface (Figure 3B). In 
addition, the multilayer coating of HA/CS formed by the 
LbL system (Figure 3E) appeared to be much smoother 
than the monolayer (Figure 3D). Figure 3F shows that 
the ICA was successfully loaded, displaying needle-like 
configuration.
The XPS spectra of different samples are shown in 
Figure 4. The wide scan spectrum of the smooth Ti (Figure 4A) 
shows that the chief components included C 1s (284.8 eV), Ti 
2p3 (458.5 eV) and O 1s (530.0 eV). The distinctive peaks of 
P 2p (132.0 eV) and S 2p (164.0 eV) originated from TCEP, 
and the peak of N 1s (400.0 eV) was derived from lysozyme. 
Since TCEP and lysozyme are both raw materials of PTL 
nanofilm, the first appearance of the P 2p, S 2p and N 1s peaks 
as shown in Figure 4B indicated the successful immobiliza-
tion of the PTL nanofilm on the Ti surface. In addition, the 
disappearance of the Ti peak further suggested that the PTL 
nanofilm had covered the Ti base (Figure 4B). As shown in 
Figure 4C, the spectrum peak of Na 1s (1,072.0 eV) origi-
nated from HA indicating that the HA had been immobilized 
on the PTL-primed Ti surface. The disappearance of the 
Na 1s peak as shown in Figure 4D demonstrated that the 
CS attracted to the HA surface had covered the HA layer. 
As the number of HA-CS layers increased, the peaks of C 1s, 
O 1s and N 1s showed no obvious change (Figure 4E). The 
N 1s peak decreased and the O 1s peak increased after further 
modification with ICA. Since there are plentiful hydroxyl 
groups and no nitrogen in the ICA molecule (C
33
H
40
O
15
), 
these results provide evidence that the ICA had been suc-
cessfully deposited on the Ti substrate (Figure 4F).
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Figure 3 seM images of different surfaces.
Notes: seM images of (A) Ti; (B) Ti-PTl, Ti after PTl priming; (C) Ti-PTL-HA, Ti-PTL nanofilm after single HA coating; (D) Ti-PTL-HA-CS, Ti-PTL nanofilm after HA-CS 
coating; (E) HA/CS, Ti-PTL nanofilm coated with multilayer of HA-CS; (F) HA/CS-ICA-L, Ti-PTL nanofilm coated with multilayer of HA-CS with ICA immobilization. Arrow 
indicates nanosphere structure, asterisk indicates micro-holes.
Abbreviations: cs, chitosan; ha, hyaluronic acid; Ica, icariin; Ica-l, Ica-low dose; PTl, phase-transited lysozyme; seM, scanning electron microscopy; Ti, titanium.
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Figure 4 surface chemical composition analyses by XPs.
Notes: XPs wide scan spectra of (A) Ti; (B) Ti-PTl, Ti after PTl priming; (C) Ti-PTL-HA, Ti-PTL nanofilm after single HA coating; (D) Ti-PTL-HA-CS, Ti-PTL nanofilm 
after ha-cs coating; (E) HA/CS, Ti-PTL nanofilm coated with multilayer of HA/CS; (F) HA/CS-ICA-L, Ti-PTL nanofilm coated with multilayer of HA-CS with ICA-L 
immobilization.
Abbreviations: cs, chitosan; ha, hyaluronic acid; Ica-l, icariin-low dose; PTl, phase-transited lysozyme; Ti, titanium; XPs, X-ray photoelectron spectroscopy.
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In addition to surface topography, hydrophilicity is an 
important factor that affects the biological behaviors of 
osteoblasts. The hydrophilicity of the Ti, Ti-PTL, HA/CS 
and HA/CS-ICA (including HA/CS-ICA-L, HA/CS-ICA-M 
and HA/CS-ICA-H) surfaces is shown in Figure 5. It is 
demonstrated that PTL slightly increased the hydrophilic-
ity of the Ti surface, with the contact angle decreasing 
from 77.1°±2.4° (Ti) to 73.9°±1.7° (Ti-PTL). Moreover, 
after the HA/CS multilayer was employed, the contact angle 
sharply decreased from 73.9°±1.7° (Ti-PTL) to 51.0°±1.0° 
(HA/CS). The contact angle of samples with different ICA 
concentrations gradually increased from 61.4°±2.0° (HA/CS-
ICA-L) through 64.6°±0.9° (HA/CS-ICA-M) to 68.5°±1.4° 
(HA/CS-ICA-H) due to the hydrophobic property of ICA. 
Although the immobilization of ICA relatively increased 
the contact angle, the contact angles of HA/CS-ICA layers 
with three different ICA concentrations were all lower than 
those of the pure Ti surface and Ti-PTL surface, indicating an 
improvement in the hydrophilicity of the ICA-immobilized 
multilayer of HA/CS multilayer, with statistical signifi-
cances (P,0.05).
In vitro ICA release profile
As shown in Figure 6A, the cumulative release amount of ICA 
follows the order of HA/CS-ICA-H.HA/CS-ICA-M.HA/
CS-ICA-L. A sustained release was observed in the HA/CS-
ICA-H and HA/CS-ICA-M groups during the 14-day period. 
On the other hand, ICA in the HA/CS-ICA-L group was 
released much faster and reached a plateau as early as day 10. 
Figure 6B shows the percentage of ICA release. The results 
indicated that the HA/CS-ICA-H group exhibited a cumu-
lative drug release of 55.5%±0.7% during the first 7 days, 
whereas the HA/CS-ICA-M group showed 66.2%±0.8% 
release and the HA/CS-ICA-L group showed 88.5%±1.1% 
release within the same time span. The results indicated that 
the HA/CS-ICA-L group displayed a faster drug release 
pattern, while the HA/CS-ICA-M and HA/CS-ICA-H groups 
showed a better sustained drug release pattern.
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Figure 5 contact angles of various samples.
Notes: a, Ti; B, Ti-PTl; c, ha/cs; D, ha/cs-Ica-l; e, ha/cs-Ica-M; F, ha/cs-
Ica-h. Data are expressed as mean ± sD (n=3). *A statistical significance compared 
to the Ti group (P,0.05). #A statistical significance compared to the Ti-PTL group 
(P,0.05).
Abbreviations: cs, chitosan; ha, hyaluronic acid; Ica-h, icariin-high dose; 
Ica-l, icariin-low dose; Ica-M, icariin-middle dose; PTl, phase-transited lysozyme; 
Ti, titanium.
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Figure 6 In vitro release profile of HA/CS multilayer surfaces with different concentrations of ICA.
Notes: (A) cumulative release amount. (B) cumulative release percentage. Data are expressed as mean ± sD (n=3).
Abbreviations: cs, chitosan; ha, hyaluronic acid; Ica, icariin; Ica-h, Ica-high dose; Ica-l, Ica-low dose; Ica-M, Ica-middle dose.
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cell adhesion
Cell adhesion is important for cell-implant interactions. Cell 
adhesion morphology was observed by immunofluores-
cence staining of cytoskeleton actin. The CLSM images 
of MC3T3-E1 cells seeded on different samples are shown 
in Figure 7. After 24 hours of culture, MC3T3-E1 cells 
oriented parallel to the grinding marks on the Ti surface, 
which was attributed to contact guidance. However, on 
the HA/CS multilayer surface, the cells showed different 
morphology patterns compared to those on the Ti surface. 
In all the HA/CS-ICA groups, cells exhibited a spread-out 
appearance, with stretched filopodia. It was noteworthy 
that, on the HA/CS-ICA-L surface, much well-spread cell 
shape was observed with many filopodia growing into the 
surfaces as the cells became flattened, which suggested 
better cell adhesion of cells on the HA/CS-ICA-L surface 
among the three HA/CS-ICA groups. Figure 8 shows the 
cell numbers on different samples at 24 hours of culture. 
In this study, more cells were adhered to the HA/CS and 
HA/CS-ICA surfaces than the smooth Ti surface, with a 
statistical difference (P,0.05). These results displayed that 
both the HA/CS coating and ICA addition could promote cell 
adhesion. In addition, the significantly higher cell number 
on the HA/CS-ICA-L surface suggested that the HA/CS 
loaded with a certain concentration of ICA could further 
increase cell adhesion.
cell viability
It is crucial to maintain cell survival and reduce cell death. 
The AO/EB staining was used to examine the viability of 
MC3T3-E1 cells by the DNA-binding dyes AO and EB 
(Figure 9).35 After 3 days of cultivation, the dead cells with 
red nuclei could be observed in all samples, especially with 
higher percentages of dead cells in the Ti and the HA/CS-only 
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Figure 7 clsM images of Mc3T3-e1 cells cultured on different surfaces for 24 hours.
Note: Images of cells stained with DaPI to show the nuclei (blue) and rhodamine-phalloidin to show the cytoskeleton (red).
Abbreviations: clsM, confocal laser scanning microscopy; cs, chitosan; ha, hyaluronic acid; Ica-h, icariin-high dose; Ica-l, icariin-low dose; Ica-M, icariin-middle dose; 
Ti, titanium.
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Figure 8 cell counting of adherent Mc3T3-e1 cells grown on different surfaces 
for 24 hours.
Notes: Data are expressed as mean ± sD (n=3). *A statistical significance compared 
to the Ti group (P,0.05). #A statistical significance compared to the HA/CS 
multilayer group (P,0.05).
Abbreviations: cs, chitosan; ha, hyaluronic acid; Ica-h, icariin-high dose; Ica-l, 
icariin-low dose; Ica-M, icariin-middle dose; Ti, titanium.
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samples. Compared to the Ti and the HA/CS-only samples, 
the HA/CS-ICA samples had more viable cells. For the HA/
CS-ICA samples, the number of living cells increased slightly 
further as the ICA concentration decreased. After 7 days 
of cultivation, the number of living cells further increased 
compared to that of the 3-day culture. More viable cells and 
fewer dead cells were observed in the HA/CS-ICA samples, 
especially in the HA/CS-ICA-L group. This finding suggests 
that although the viable cell numbers increased as the ICA 
concentration decreased, no cytotoxicity was detected in the 
high ICA concentration group.
cell proliferation
The CCK-8 assay was performed at day 3 and day 7 to evalu-
ate the proliferation ability of MC3T3-E1 cells. As shown in 
Figure 10, at 3 days after seeding, cells on the HA/CS-ICA 
surfaces presented a relatively higher level of proliferation 
ability than those on the Ti and HA/CS surfaces. Among 
the three ICA-immobilized groups, the cell proliferation 
ability tends to increase as the ICA concentration decreased, 
although no statistical differences were detected. It was 
observed that the OD values of MC3T3-E1 cells in all the 
groups increased with prolonged seeding time. After 7 days of 
cultivation, the OD values of the HA/CS-ICA samples were 
all higher than those of the Ti group (P,0.05). Moreover, the 
OD values of the HA/CS-ICA samples with low and middle 
ICA concentrations were also higher than those of the HA/
CS samples, with the OD value being inversely proportional 
to the ICA concentration (P,0.05).
cell differentiation
ALP can be used as an early marker of osteogenic differ-
entiation. The ALP activity of MC3T3-E1 cells cultured on 
different surfaces for 3, 7 and 14 days is shown in Figure 11. 
Compared to the Ti samples, ALP activity was enhanced 
in the HA/CS samples at each denoted time points. More 
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Figure 9 live/dead staining of Mc3T3-e1 cells on different surfaces after 3 and 7 days of culture.
Note: Mc3T3-e1 cells were stained with aO (live cells, green) and eB (dead cells, red) on the Ti, ha/cs, ha/cs-Ica-l, ha/cs-Ica-M and ha/cs-Ica-h surfaces for 
3 and 7 days.
Abbreviations: aO, acridine orange; cs, chitosan; eB, ethidium bromide; ha, hyaluronic acid; Ica-h, icariin-high dose; Ica-l, icariin-low dose; Ica-M, icariin-middle 
dose; Ti, titanium.
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Figure 10 The ccK-8 assay results of Mc3T3-e1 cells cultured on different 
surfaces for 3 and 7 days.
Notes: Data are expressed as mean ± sD (n=3). *A statistical significance compared 
to the Ti group (P,0.05). #A statistical significance compared to the HA/CS 
multilayer group (P,0.05).
Abbreviations: ccK-8, cell counting kit-8; cs, chitosan; ha, hyaluronic acid; 
Ica-h, icariin-high dose; Ica-l, icariin-low dose; Ica-M, icariin-middle dose; 
Ti, titanium.
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importantly, further improvement in ALP activity was 
observed in the HA/CS-ICA groups after 7 days of incuba-
tion, compared to the Ti group, with statistical significance 
(P,0.05). Additionally, cells in the HA/CS-ICA group 
also showed better cell differentiation on day 7, compared 
to those in the HA/CS group, with a statistical significance 
(P,0.05).
Among the HA/CS-ICA groups with different ICA con-
centrations, the cells in the HA/CS-ICA-M group exhibited 
the highest ALP activity on days 7 and 14. The ALP activity 
of cells cultured on all samples increased during incubation 
period up to 7 days. After 14 days of cell culture, the ALP 
activity in the HA/CS-ICA groups decreased than that at 
day 7; however, the ALP activity in the Ti and HA/CS groups 
was continuously increased, similar to previous report.42
histological assessments
Subsequently, the ICA-loaded rods were implanted into 
rats to explore their effects on bone formation. At 2 weeks 
post implantation, new bone formation around the Ti and 
ICA-loaded implants was assessed by fluorescent labeling 
and staining. The tetracycline labeling (yellow) showed 
bone formation in the first week and CA staining (green) 
displayed the osteogenesis ability at the second week. 
As shown in Figure 12, in both the Ti and ICA-loaded groups, 
the tetracycline labeling (yellow) was faint in peri-implant 
bone, while CA staining (green) was much easier to observe. 
Compared to the Ti group, the ICA-loaded group had a much 
wider area of CA labeling (green) and a stronger signal. 
The weaker CA labeling in the Ti group suggested that it 
had less bone formation than the ICA-loaded group at this 
early stage.
The undecalcified samples were also stained with H&E 
and TB. As shown by H&E staining (Figure 13A–D), the 
new bone appeared to extend from native bone to the implant 
in all the groups. Thin, newly formed, needle-shaped bone 
trabeculae were formed around the Ti implant. The gap-type 
interface between the implant and native bone in the Ti group 
was mainly connected by fibrous tissue. By contrast, a larger 
amount of new mineralized bone with the typical trabecular 
structure was detected in the ICA-loaded group. The woven 
bone was detected in an area close to the implant surface.
TB staining was able to reveal new bone formation by 
showing uniformly dark blue. Figure 13E–H shows that the 
implant in the ICA-loaded group was surrounded by large 
amounts of uniformly continuous calcified bone-like collag-
enous matrix, indicating bone formation on the surface of the 
ICA-loaded group.41 In contrast, more loosely spindle-like 
fibrous tissue was observed on the surface of the implant in 
the blank Ti group.
The decalcification samples were stained with H&E 
and Masson’s trichrome, as shown in Figure 14. The newly 
formed bone around the Ti implant exhibited a small amount 
of remodeling of bone. In addition, non-mineralized fibrous 
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Figure 11 alP activity of Mc3T3-e1 cells cultured on different surfaces for 3, 7 
and 14 days.
Notes: Data are expressed as mean ± sD (n=3). *A statistical significance compared 
to the Ti group (P,0.05). #A statistical significance compared to the HA/CS 
multilayer group (P,0.05).
Abbreviations: alP, alkaline phosphatase; cs, chitosan; ha, hyaluronic acid; Ica-h, 
icariin-high dose; Ica-l, icariin-low dose; Ica-M, icariin-middle dose; Ti, titanium.
Figure 12 Fluorescence images of the rat femora after 2 weeks of implant placement 
in the Ti and Ica-loaded groups.
Notes: Images of bone combined with Tch were stained yellow and those 
combined with ca was stained green. The yellow (Tch) and green (ca) staining in 
the images indicates the bone formation and mineralization rates at 1 and 2 weeks 
after the operation, respectively.
Abbreviations: ca, calcein; Ica, icariin; Tch, tetracycline hydrochloride; Ti, 
titanium.
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tissue was observed around the Ti implants. In contrast, in 
the ICA-loaded group, more newly formed bone trabeculae 
and osteoid were observed. New bone was noted within 
the fibrous tissue and was characterized by globular or 
island-like appearance with numerous osteoblasts in the 
ICA-loaded group. BF% was quantified based on H&E stain-
ing of decalcified tissue sections. Bone histomorphometry 
revealed that the BF% of the ICA group was significantly 
higher than that of the Ti group after 2 weeks of implanta-
tion (Figure 14I). BF% was 21.3%±2.4% in the ICA group, 
higher than 31.2%±1.9% in the Ti group (P,0.05). The 
bone formation around the native bone in the ICA-loaded 
group was much more evident than that around the implant 
in the Ti group. These results indicate that the implants 
coated with ICA had a faster regeneration rate than the blank 
Ti implant.
Discussion
Various methods have been implemented to incorporate 
bioactive components onto implant surface to improve 
osteoinduction and bone tissue reconstruction ability.43 In this 
study, we hypothesized that ICA loaded on PTL-primed Ti 
surface via the LbL system could achieve sustained ICA 
release and improve surface osteogenesis ability. Previous 
studies have shown that ICA potentially has an anabolic 
effect on bone to prevent osteoporosis, and ICA has been 
confirmed to be a bone-inductive factor.44,45 It has also been 
shown to promote osteoblast proliferation and differentiation 
and to increase ALP activity.46,47 Moreover, ICA has a high 
melting point (231°C), can be easily stored and can tolerate 
radiation sterilization without functionally changing.7 All the 
abovementioned advantages lead us to explore the feasibility 
of employing ICA for surface modification of implants.
Local drug controlled release system can increase local 
drug effectiveness, avoid serious side effects and optimize 
bioavailability.48 Some recent works have been published 
on ICA controlled release. In one study, ICA was combined 
with poly(lactic-co-glycolic acid) (PLGA) and β-calcium 
phosphate to form the PLGA/TCP/ICA scaffold to gain stable 
ICA release from the scaffold for bone regeneration.49 ICA 
was also incorporated into small intestine submucosa scaf-
fold, which showed the potential as an ICA delivery carrier 
for the enhancement of bone regeneration.50 Another study 
further demonstrated that ICA could be incorporated into the 
nanofiber barrier by a coaxial electrospinning membrane and 
then could be released in a sustained and controlled manner to 
enhance bone regeneration.51 In the abovementioned studies, 
ICA was either loaded into the bone tissue-engineering 
scaffold, encapsulated in the nanofibers or crosslinked 
and adhered onto nanofibers. However, to the best of our 
knowledge, there is little research on the direct loading of 
ICA onto Ti implants to improve their osteogenic property. 
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Figure 13 histological sections of the Ti (A, B, E, F) and Ica-loaded (C, D, G, H) implants.
Notes: Bone morphology around Ti and Ica-loaded implants was observed at 2 weeks after implantation by h&e (A–D) and TB (E–H) staining. B, D, F and H depict 
zoomed areas of black box in A, C, E and G, respectively. Bars indicate 100 µm (A, C, E, G) and 50 µm (B, D, F, H). The black arrow denotes new bone formation; white 
asterisk indicates native bone; white arrow denotes collagen-rich matrix.
Abbreviations: Ica, icariin; TB, toluidine blue; Ti, titanium.
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In this study, we modified the Ti surfaces using PTL nano-
film combined with a HA/CS multilayer to load ICA onto 
the CS layer. PTL nanofilm is a green and simple method 
to pretreat the Ti surfaces for later drug loading.21 CS has 
previously been used to load ICA as a drug controlled release 
system.7,34 In this study, the controlled release of ICA was 
realized because ICA can be adhered to the surface of CS, 
be encapsulated by CS and be stored in micro-interspaces of 
the materials which can be ascribed to electrostatic interac-
tion between the reactive negative hydroxyl radical (−OH) 
of ICA and the positive amine groups (−NH
2
) of CS.52 
HA/CS multilayer coatings provide higher loading capacity 
and controlled release of osteogenic medicines to achieve a 
long-term effect.53 The SEM and XPS results proved that the 
Ti surface was successfully coated with the PTL nanofilm 
and HA/CS-ICA multilayers.
The initial period (1–2 weeks) after implant inser-
tion plays a critical role in guaranteeing desirable future 
osseointegration.54,55 In our study, the accumulative release 
amount curve of the HA/CS-ICA-L group displayed a fast 
release property and lasted for 10 days. On the other hand, 
the accumulative release amount curve of the HA/CS-ICA-M 
group, especially the HA/CS-ICA-H group, displayed a sus-
tained and controlled release profile, which lasted more than 
14 days. This controlled release pattern coordinates with the 
early postoperative osseointegration requirement.56 These 
results suggested that it is possible to control the drug release 
pattern by changing the loading concentration of ICA.
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Figure 14 Histological analysis of the decalcification samples around Ti (A, B, E, F) and Ica-loaded (C, D, G, H) implants was evaluated by h&e (A–D) and Masson 
(E–H) staining. histological morphology analyses based on h&e staining after 2 weeks implantation was expressed as was BF % and shown in I.
Notes: B, D, F and H depict zoomed areas of black box in A, C, E and G, respectively. Bars indicate 50 µm (A, C, E, G) and 20 µm (B, D, F, H). The black arrow denotes 
new bone formation; white arrow denotes osteoblast cell. Data are expressed as mean ± sD (n=3). *A statistical significance compared to the Ti group (P,0.05).
Abbreviations: BF%, area percentage of bone formation; Ica, icariin; Ti, titanium.
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In this study, we used the mouse preosteoblastic cells 
(MC3T3-E1), a well-established cell line, for in vitro study. 
It is interesting to note that the MC3T3-E1 cells that adhered 
to the HA/CS and HA/CS-ICA surfaces displayed an obvious 
difference in morphology pattern compared to that in the 
Ti group. Moreover, the significantly higher cell number on 
the HA/CS-ICA-L surface suggested that the HA/CS multi-
layer with certain concentration of ICA could further increase 
cell adhesion. These results indicated that the incorporation 
of HA/CS and ICA changes the cell adhesion pattern and 
could promote osteoblast adhesion to some extent.
CCK-8 and AO/EB assays were performed on days 3 
and 7. It was observed that the number of MC3T3-E1 cells on 
all the samples increased with the prolonged culture indicat-
ing that HA/CS multilayers alone exhibited no cytotoxicity. 
Cells cultured on the HA/CS-ICA samples displayed higher 
viability than the HA/CS and Ti samples with the HA/CS-
ICA-L samples showing the highest proliferation ability. 
It was observed that ICA loaded in scaffold was able to 
increase osteoblast proliferation at low doses (1.5×10−5 mol/L 
group), while samples with high doses (6×10−5 mol/L 
group) of ICA had lower proliferation activity.57 As we 
know, the scaffold has a larger volume to load drugs, while 
the Ti implant has a smaller surface area and thickness to 
carry drugs. Therefore, it is reasonable to presume that the 
loaded drug concentration in the scaffold should be lower 
than that on the surface of the implant. Despite the ICA 
concentration used in the scaffold is relatively lower than 
that used in our study, similar trend is observed in both 
studies which displayed that the different loading concentra-
tions lead to different effects on MC3T3-E1 cells. Several 
researchers have also reported that low doses (10−7, 10−8 and 
10−9 mol/L) of ICA had the ability to increase MC3T3-E1 
cell proliferation, although the optimal concentration remains 
unclear.25,58,59 Similar to previous studies, our study revealed 
that the HA/CS-ICA-L samples had an appreciable effects 
on osteoblast proliferation and the effects were inversely 
proportional to the ICA concentration.
ALP is regarded as one of the early markers of osteo-
blast differentiation and plays an important role in bone 
mineralization.57 The ALP activity was particularly high in 
the HA/CS-ICA-M group, demonstrating the highest cell 
differentiation ability of a certain concentration. Similar to 
previous study,42 the ALP activities of MC3T3-E1 cells after 
14 days of culture on all HA/CS-ICA surfaces were lower 
than those after 7 days of culture, indicating that the cell 
response stage shifted from the differentiation period to the 
next mineralization stage. The abovementioned results also 
demonstrated that bone growth was effectively increased on 
the HA/CS-ICA surfaces in the early stage of bone formation 
compared to that on the Ti surface.
As we know, proliferation and differentiation are con-
tradictive aspects of cell life activity, with proliferation 
activity being inhibited when cells differentiate vigorously 
and vice versa.60 Improved hydrophilicity after modifica-
tion may play a significant role in facilitating cell adhesion 
and proliferation.57 The HA/CS multilayer alone could 
improve surface hydrophilicity; however, the incorporation 
of ICA decreased the hydrophilicity to some extent, and the 
wettability further decreased with increasing ICA concen-
tration, similar to previous studies.30 In our study, the HA/
CS-ICA-L surface showed the highest cell proliferation, 
while the HA/CS-ICA-M surface displayed the best differen-
tiation ability. These results were attributed to the combined 
actions of the biological activity of surface hydrophilicity 
and the osteogenic effect of ICA.26,61
We next turned to in vivo experiments to explore 
whether ICA could induce bone formation. During the initial 
1–2 weeks, inflammation and revascularization occur, which 
seem to be most critical processes for bone healing.62 This 
is important because early osseointegration could provide a 
basis for the immediate loading of dental implants.63 Other 
studies have also shown that woven bone appeared within 
the initial 2 weeks.64,65 Therefore, we chose 2 weeks after the 
operation as the observation period. Histological evaluation 
further confirmed the greater active deposition of mineral-
ized bone matrix for the samples in the ICA groups than the 
Ti group in the animal experiments. Double fluorescence 
labeling was selected because this method can detect the 
dynamic process of new bone formation.66 The faint yellow 
fluorescence which indicated the small amount of bone for-
mation in the early process of implantation could be attributed 
to a body response including blood material interactions, 
inflammation and fibrosis development at the tissue/material 
interfaces.67 The area between the implant and native bone 
was filled with newly formed osseous tissue in the second 
week, as evidenced by the presence of green fluorescence. 
It was shown that the area of bone calcification close to 
the bone side in the ICA group was higher than that of the 
Ti group in the second week.
Undecalcified samples stained with H&E showed more 
new bone around the implant surface in the ICA group than 
in the Ti group. TB staining also demonstrated that the region 
between the bone and the implant in the ICA-loaded group 
presented more highly aligned calcified bone-like collagen 
matrix than in the Ti group. The appearance of highly aligned 
compact collagen matrix in the ICA group indicated the 
potential for more bone formation in the future.68
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The images of decalcification samples and the BF% 
analysis showed that, in the ICA-loaded group, there were 
copious active osteoblasts and osteocytes lined on the bone 
trabeculae surface and increased areas of bone tissues com-
pared to the Ti group. These may contribute to increased 
mechanical anchorage in the ICA-loaded group. All the 
abovementioned in vivo results strongly suggested the 
activation of bone mineralization with ICA. Our findings 
suggested that the ICA-loaded group increased osteogenesis, 
elevated new bone formation ability, accelerated the speed 
of local bone mineralization around the implant locally and 
enhanced implant stability.
Consequently, the hypothesis proven by the present 
study displayed that the ICA controlled release pattern was 
successfully formed by PTL and the HA/CS multilayer via 
the LbL system. Moreover, the surface modification of Ti 
with the ICA-loaded HA/CS multilayer could improve the 
osteogenic activity of osteoblast cells in vitro and enhance 
osseointegration in vivo. This study creates a novel principle 
suitable for future applications in the medical field. It would 
also initiate a new strategy to modify surface of Ti which 
has excellent osteoconductivity and osteoinductivity. Future 
studies are necessary to further investigate the expression 
patterns of osteogenesis-related proteins as well as the 
amount and quality of the peri-implant bone. This study will 
provide an improved understanding of ICA-loaded Ti sur-
face, and it will be helpful in developing future technologies 
for the surface modification of dental implants.
Conclusion
This study provides information regarding the applicability 
of PTL nanofilm-primed HA/CS-ICA multilayer coating 
for dental implant modification to achieve sustained ICA 
delivery. It is demonstrated that controlled release of ICA 
can promote the adhesion, proliferation and differentiation 
of osteoblast cells in the early stage after implantation. 
Furthermore, the ICA-loaded implants also promote 
osseointegration in vivo. This study provides a green and 
controlled drug release methodology on Ti implant surface. 
Since the PTL nanofilm can modulate arbitrary materials, 
this strategy could be applied for surface modification of 
other implant grafts.
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